We present a study of magnetic and magneto-optical properties of Cd x Te 1Ϫx -MnTe superlattices up to the room temperature. A comparison of low-temperature exciton Zeeman effect and the measurements of the magnetization performed by superconducting quantum interface device magnetometer shows a perfect agreement with a model description, thus allowing for determination of Mn content profiles width throughout the structures. Precise high-temperature Zeeman effect measurements show that the exciton splitting decreases with temperature faster than expected on the basis of the Curie-Weiss law. We attribute this effect to the influence of thermal fluctuations on exciton states. ͓S0163-1829͑99͒05311-4͔
I. INTRODUCTION
Cadmium manganese telluride is one of the best-known semimagnetic ͑diluted magnetic͒ semiconductors. Their introduction in quantum semiconductor structures has added a new dimension to the band-gap engineering allowing to tailor these structures not only by controlling the growth processes but also by varying the energies using an external magnetic field. 1 The introduction of magnetic ions has brought a variety of effects related to ion-carrier interactions specific for heterostructures with diluted magnetic semiconductors such as spin superlattices, 2,3 magnetic field-induced type I-type II transition, 4 observation of above-barrier states, 5 free-magnetic polaron formation, 6 ,7 ferromagnetic phase, 8 or variation of relative valence-band offsets with temperature. 9 Studies of excitonic Zeeman effect in CdTe/Cd 1Ϫx Mn x Te quantum wells and superlattices have also helped to understand the role of interface mixing and allowed to create a magneto-optical method of interface characterization. 10, 11 The method makes use of numerical simulations of the respective quantum well potentials for electrons and holes with interfaces assumed to be not abrupt, but containing regions of diluted barrier material. The dilution decreases the influence of ion-ion interaction, which favors an antiparallel alignment of Mn ϩϩ spins at low temperatures. Therefore, interface mixing results in an enhancement of the magnetization in regions penetrated by excitons, and thus it leads to a strong increase of excitonic Zeeman splitting. The enhancement makes the Zeeman effect very sensitive to the interface mixing in CdTe/Cd 1Ϫx Mn x Te system ͑see, for example, Refs. 12-14͒, especially for high-Mn concentrations in the barriers where the magnetization is strongly suppressed by antiferromagnetic ion-ion exchange interaction.
In the region of low temperatures there is no theoretical simulation correctly reproducing the magnetization of bulk Cd 1Ϫx Mn x Te in a wide range of magnetic ion concentrations. Such a description exists only in the low-concentration limit. 15 An empirical formula for low-temperature bulk magnetization 10 is commonly used in model calculations.
The magnetic properties near the interface are not well known and, therefore, any model calculation requires some important but not well-grounded assumptions. Two effects influence the magnetization at the interface: an intrinsic effect due to magnetic properties of the interface itself, and an extrinsic one due to dilution of the interface material. 10 Both effects play a similar role in the enhancement of the Zeeman splitting and it is very difficult to distinguish experimentally one from another on the basis of low-temperature data. Therefore, the relative role of both contributions has been subject to many controversies. Several different competitive models have been proposed. 10, 16 Such assumptions are no longer necessary if the temperature is high enough to make the high-temperature expansion approach to the magnetization or susceptibility valid. In such case an accurate calculation of the interface magnetization is possible.
In the present paper, we perform a simultaneous analysis of low-temperature Zeeman data and high-temperature measurements of both magnetization and the Zeeman splitting of exciton. Precise superconducting quantum interface device ͑SQUID͒ measurements of very thick superlattices allowed us to test magnetic properties of the interface regions. We also utilize the high-temperature approximation to analyze magneto-optic data. The presence of clearly visible reflectivity structures up to temperatures as high as the room temperature allowed us to measure the Zeeman effect in the temperature range not accessible for magneto-optical experiments in bulk crystals.
II. SAMPLES AND EXPERIMENT
We studied structures grown by molecular-beam epitaxy ͑MBE͒ from CdTe, Te, Cd, and Mn sources on ͑100͒-oriented GaAs substrates with thick CdTe buffers. The substrate temperature during the growth was approximately 240°C.
The superlattice samples ͑SL 09124, SL 09094, and SL 09074͒ contained 200 periods of CdTe wells separated by MnTe barriers of the thickness 2, 4, and 8 monolayers, re-spectively. The thickness of the wells was equal to 40 Å.
The above parameters were chosen to assure good sensitivity of both magnetic and magneto-optic measurements. The large number of superlattice period repetitions was necessary to obtain a measurable magnetization contribution related to the interfaces. In order to maximize the relative contribution of interfaces we used thin barrier layers. Also we polished off the substrates and used samples without Cd 1Ϫx Mn x Te buffer layers ͑which sometimes are preferable to CdTe buffers in structures used for magneto-optical experiments͒. The use of superlattices ͑rather than single quantum wells͒ assured also sufficient exciton oscillator strength, making the reflectivity features easily discernible even at high temperatures.
The barrier Mn mole fraction was nominally 100%. At such concentration the magnetization is strongly suppressed by the ion-ion antiferromagnetic interaction even at high temperature, making the relative contribution of the diluted interface regions quite important. The well width was chosen to be sufficiently small, to assure sufficient penetration of excitonic wave functions into the barriers, and thus to obtain an easily measurable Zeeman effect.
Magnetization was measured by a SQUID magnetometer at temperature ranging from 10 to 300 K. The magnetic field was parallel to the sample surface and ranged up to 1 T. Before measurement the sample substrate was polished off mechanically down to about 140 m. The samples, of the area of at least 2 cm 2 , were cut into pieces 3ϫ3 mm 2 and glued together in a stack. Such samples were mounted in a thin plastic straw by a General Electric varnish.
All magnetoreflectivity measurements were performed in the Faraday configuration with magnetic field perpendicular to the sample surface. The samples were mounted strain-free in a superconducting magnet and immersed in superfluid helium at 1.9 K. The higher temperature reflectivity measurements were performed in the same setup with samples in gaseous helium under atmospheric pressure. In order to obtain a high accuracy of the exciton splitting at high temperatures a polarization modulation technique was applied, similar to that used by Coquillat et al. 17 Photoluminescence was excited with an Argon-ion laser providing 2-40 mW over a spot of diameter between 0.1 and 1 mm. Optical measurements were done with use of Oriel Instaspec IV CCD detector.
III. LOW-TEMPERATURE ZEEMAN CHARACTERIZATION
The low-temperature reflectivity spectra, obtained on one of the superlattices in several fields up to 5 T are shown in Fig. 1 . The features in two circular polarizations related to the creation of the heavy-hole exciton ground states at 5 T are marked by vertical lines. The reflectivity feature is broader than exciton lines measured for typical single quantum wells due to, possibly, variation of the well thickness. The horizontal line in Fig. 1 represents the change of the exciton energy due to a one monolayer change of the well width. In the case of our relatively thick structures with 200 periods, the linewidth comparable to a variation of the quantum well width by only one monolayer points to a good overall quality of the structure. We used a simple way of pointing the energy of the reflectivity structures at halfway between their maximum and minimum. It is known that, depending on light interference effects in the sample, the form of the reflectivity structures may be very different and a precise determination of transition energy requires a suitable model description of the spectra. 18 However, the broadening mechanism possible in our superlattices ͑lack of perfect stability of the growth parameters leading to a variation of the well thickness͒ is rather difficult to model. On the other hand we use splitting values rather than absolute energy values, therefore our results are reasonably insensitive to the method of pointing of energies.
Low-temperature Zeeman splitting was used for precise characterization of the superlattices. The exciton splitting was interpreted in terms of the model described in Ref. 10 . We assumed an intermixing profile between CdTe and Cd 1Ϫx Mn x Te represented by an exponential function, with a characteristic length l int .
Such a profile is expected for a segregation mechanism, i.e., an exchange of atoms between neighbor layers during the growth. 11 It gives a strongly asymmetric Mn distribution in the well, with a tail extending into the well only from the barrier, which was grown first. Variations of the potential in the plane of the interface were neglected. The potential profiles across the interfaces were calculated using bulk magnetization dependence for local Mn mole fraction. The intrinsic enhancement of a low-temperature interface magnetization was included as in Ref. 10 , by introduction of an effective Mn concentration x eff as a function of distance in the direction perpendicular to the interface
where d is a monolayer thickness. The local magnetization M loc is obtained from the dependence M (x) in the bulk
The ground states of electrons and heavy holes were found by numerical integration of the one-dimensional Schrödinger equation as a function of the magnetic field. Transition energies were obtained for the two circular polarizations with the exciton binding energies taken independent of the magnetic field and equal to the values obtained for similar quantum wells. The intermixing length and well thickness were determined by fitting the calculated spin-split exciton energy to the experimental data. The intermixing length was obtained to be 4.65, 4.67, and 4.88 Å for the superlattices with barriers of 2, 4, and 8 monolayers, respectively. This means that the Mn concentration in the well decreases from 100% at the end of the barrier to about 1% at the center of the well and to about 0.02% directly before the beginning of the next barrier. The obtained intermixing length values are typical for the MBE-grown superlattices. We must stress here that in spite of a relatively long growth time of our superlattices the intermixing length is of the same order as the values reported for much thinner structures, such as single quantum wells. This fact supplies an additional argument for the segregation intermixing mechanism, as opposed to the diffusion one. Let us also note that intermixing values are mostly sensitive to the Zeeman splitting and much less to zero-field exciton energy. Therefore any inaccuracy in the assignment of a particular point on the reflectivity structure to the exciton line, as well as inaccuracy of exciton binding energy have minor influence on the results of the present paper.
IV. MAGNETIZATION AT HIGH TEMPERATURE
The magnetization was analyzed in the temperature range for which the susceptibility of Cd 1Ϫx Mn x Te obeys the CurieWeiss law. 19, 20 It is well known that, for low concentrations of Mn ions, the law is followed with high accuracy, but for high concentrations there are no accurate experimental data available. Since the superlattices used by us contained material with Mn content varying from 0 up to 100 %, we decided to check experimentally the accuracy and the applicability range of the Curie-Weiss law. A sample containing a 4.5-m thick MnTe layer had been measured by SQUID. The susceptibility versus temperature is presented in Fig. 2 . The solid line represents susceptibility obtained for the CurieWeiss temperature and Curie constant ͑assuming Sϭ5/2) extrapolated from the bulk samples with lower Mn content 20 (⌰ϭx, and ϭϪ470 K͒. It is clear that for temperatures above 100 K, the high-temperature expansion is applicable.
That result allows us to use this simple approximation for the calculation of the magnetization of the superlattices. In our simulations the local magnetization was obtained as a function of the distance z in the direction perpendicular to the interface
N 0 denotes the number of cation sites per unit volume, B is the Bohr magneton, k B the Boltzman constant, and g and S stand for the Landé factor and the spin of the Mn ion, respectively. The Curie-Weiss temperature ⌰ depends on the ion-ion exchange interaction constant and may be expressed by
where n denotes the average number of Mn neighbors of an ion at a particular position in the structure and J the Heisenberg-like exchange constant. Such approach describes both ''intrinsic'' and ''extrinsic'' interface effects and is accurate within the high-temperature expansion. In our simulations we have taken into account only the nearest magnetic neighbors with the exchange integral JϭϪ6.7 K. 20 This parameter describes well the Curie-Weiss behavior of the bulk Cd 1Ϫx Mn x Te. We checked that including interactions between more distant neighbors did not change the results appreciably.
The experimental data obtained for superlattices is presented in Fig. 3 . One can note that the magnetization decreases almost linearly versus logarithm of the temperature. A simple calculation ͑see Appendix͒ shows that, approximately, such a dependence is expected for an exponential decay of Mn concentration at MnTe→CdTe interface. A leading role of such a dependence provides an additional argument for an importance of interface contribution to the magnetization. Due to the dilution at the interface, the contribution of an interface ion to the magnetization may exceed by orders of magnitude that of the ions lying deep in the barrier.
Since the absolute value of the magnetic susceptibility of a sample contains some uncertainty due to the glue used for mounting it, only the slope of the temperature variation was analyzed. It was checked by a separate measurement on bare substrates prepared identically as the samples with superlattices that the magnetization of the glued substrates does not vary in the experiment's temperature range. A simple dependence ␣ϩ␤ϫln(T) was fitted to the experiment and then the coefficient ␤ was compared to the results of the fitting of the same function to the numerical simulations with different intermixing length l int . The results of both fits obtained from SQUID and low-temperature magneto-optic measurements are combined in Table I . For all samples the experimental data obtained from both methods and results of simulations ͑with exponential profile EXP͒ are in a very good agreement.
The SQUID data are not sensitive to any exciton effects, and are compared to the exact high-temperature simulation. Thus a comparison of the high-temperature magnetization and low-temperature Zeeman effect allows to test directly the hypothesis concerning the importance of both ''intrinsic'' and ''extrinsic'' contributions introduced in the analysis of low-temperature data. To test the sensitivity of our analysis to the choice of the interface profile we repeated simulations for several profiles. In particular, the results obtained with the use of the error function 10 ͑ERF͒ are presented in Table I . The intermixing length necessary to recover the observed Zeeman splitting gives slightly larger magnetization slope (␤) than the experimental values, however it remains within experimental accuracy. The other profiles tested by us were abrupt profiles ͑STEP͒, for which the intermixing appears only between two monolayers closest to the interface. 16 The percentage of ions mixed between the monolayers is given by parameter . A perfect abrupt interface is represented by ϭ0. We have done calculations for the two extreme cases of ϭ0 and ϭ0.5. None of these profiles reproduce either the Zeeman splitting or experimental slope of the magnetization. Experimental data can be described using the exponential profile, or ͑with a slightly smaller precision͒ using the ERF profile, whereas neither of the tested steplike profiles provide an acceptable description.
V. ZEEMAN EFFECT AT HIGH TEMPERATURE
The typical high-temperature spectra are presented in Fig.  4 . Since the difference between the spectra measured in different circular polarization is small ͑even much smaller than the exciton linewidth͒ we chose to determine the Zeeman splitting from a comparison of the reflectivity spectrum I(E) with the reflectivity polarization spectrum (
The reflectivity feature related to the exciton ground state is well visible in both the reflectivity and reflectivity circular dichroism spectra. An example of the comparison between the dichroism spectra and a derivative of the logarithm of the reflectivity is presented in Fig. 4 . The Zeeman splitting is determined by fitting the proportionality coefficient between the two curves, as indicated by Eq. ͑6͒. The accuracy of the method was checked by a test measurement performed for one of the superlattices ͑SL 09124͒ at a low temperature ͑1.9 K͒ in a very low-magnetic field. Under such conditions the splitting is proportional to the field and gives a precise test of the experimental procedure by comparison with a higher field splitting obtained directly from ϩ and Ϫ spectra. The error was less than 0.07 meV for the splitting of 2.44 meV. The Zeeman splitting versus temperature for both superlattices is presented in Figs. 5͑a͒ and 5͑b͒ . The same figures show results of numerical calculation for high temperatures. The superlattice parameters were obtained from lowtemperature data and then were used for simulations at higher temperatures. In the high-temperature region the exciton splitting was calculated using the same model as that developed for low temperatures. The potentials for electrons and heavy holes were calculated with the subband splitting obtained from the local magnetization in the particular positions in the structure. The splitting is given by the carrier-ion exchange constants N 0 ␣ϭ0.22 eV and N 0 ␤ϭϪ0.88 eV ͑Ref. 21͒
where ͗S z ͘ denotes the average spin per cation and is related to the local magnetization. 19 ͗S z ͘ was calculated using Eq.
͑3͒ for a high-temperature magnetization. Figures 5͑a͒ and 5͑b͒ show discrepancies between the experimental data and a calculation based on low-temperature fits. The calculation gives significantly stronger splitting than the measured one. In order to fit the high-temperature points, the interface mixing length would have to be reduced at these temperatures by at least 1.6 Å.
One of the mechanisms that may suppress the Zeeman splitting due to the interaction of the carriers with Mn ) the value of the nonmagnetic contribution to the Zeeman splitting should be similar. So the direct Zeeman effect is at least twice smaller than it would be necessary for explanation of the observed discrepancy.
As an explanation of the observed effect, we propose the exciton interaction with thermal fluctuations. Such interaction leads to the mixing of wave functions with zero and nonzero in-plane wave vectors. 24 Because of the complex structure of the valence band, the introduction of wave functions with k ʈ 0 leads to a modification of selection rules, and thus changes the effective Zeeman splitting observed by modulation technique.
In order to understand the discussed effect we have to go beyond the simplest valence-band model ͑one dimensional͒, and analyze also wave functions with nonzero in-plane wave vectors k ʈ 0. We make use of the numerical method presented in Ref. 23 with incorporated profiles of local Mn content and magnetization in direction perpendicular to the well plane, same as described above. The considered Hamiltonian is Luttinger and Bir-Pikus Hamiltonian, which in the basis of ͉HϮ͘ϭ1/ͱ2͉3/2,ϩ3/2͘ V Ϯ1/ͱ2͉3/2,Ϫ3/2͘ V , ͉LϮ͘ ϭ1/ͱ2͉3/2,Ϫ1/2͘ V Ϯ1/ͱ2͉3/2,ϩ1/2͘ V has the following form 
͑8͒
If z direction is parallel to ͓100͔ direction, the uniaxial approximation gives
͑9͒
where in-plane and perpendicular components of strain tensor ( ʈ and Ќ ) are given by the material lattice constants and elastic stiffness constants C i j
and ʈЌ ϭ ʈ Ϫ Ќ . The antidiagonal elements B appear due to the exchange interaction with the localized Mn ions, and are given by local magnetization as it was discussed above
A typical result of calculations is presented on Fig. 6 . For k ʈ ϭ0 we get the same energies as for previous model and we obtain pure ͉3/2,ϩ3/2͘, ͉3/2,ϩ1/2͘, ͉3/2,Ϫ1/2͘, ͉3/2, Ϫ3/2͘ wave functions. For small values of in-plane wave vector the wave functions remains almost pure and subbands are parabolic. Significant nonparabolicity of the lowest heavy-hole subband appears above k ʈ ϭ0.02 Å Ϫ1 . It is related to the mixing between pure wave functions. Admixture of wave functions with different spin momentum leads to a relaxation of the selection rules for optical transitions at high k ʈ . Particularly in the Faraday configuration the transitions with both Zeeman-split hole subbands are allowed in each circular polarization. Thus, for narrow lines involving high k ʈ we would expect to see two lines in the spectra taken for every circular polarization. If the linewidth is larger than the splitting ͑as in the case of the high-temperature measurements͒, the two lines could not be distinguished. If the modulation technique is applied for Zeeman effect measurements the obtained ''splitting'' is decreased by impure line polarizations. It can be shown that the modulation technique gives the distance between the average line energies in both polarizations (ZϭE ϪϪ E ϩ) weighted by the transitions probabilities. If neglecting the electron-hole exchange interaction the average line energies in both polarizations can be written in the following way
where ͉ f 1 ͘ and ͉ f 2 ͘ denote the wave functions of the two lowest hole levels ͑for k ʈ ϭ0 they are just ͉ϩ3/2͘ and ͉Ϫ3/2͘), E 1 ,E 2 denote their energies, and ⌬E el -splitting energy of the electron subband. The above formula takes much simpler form by noting that for splitting much smaller than the distance between ground and excited states, one can assume
The dominant terms in the k ʈ dependence of Eq. ͑12͒ are those containing
The effective ''modulation technique'' Zeeman splitting versus k ʈ in relatively small magnetic field is presented on Fig. 7 . The value of the splitting decreases significantly above k ʈ ϭ0.03 Å Ϫ1 . The suppression of the Zeeman effect observed in high-temperature experiments is easily obtained for average k ʈ Ϸ0.04 Å Ϫ1 . In order to check the consistency of above calculations with low-temperature data one has to consider a free exciton. As long as the exciton remains delocalized there should be no important contributions of high k ʈ wave functions. The in-plane size of exciton in a quantum well is close to 100 Å thus the exciton wave function is built of wave vectors smaller than k ʈ for which bands become nonparabolic. This is the case of a low temperature: we observe splittings larger than the linewidth and within the experimental accuracy we see only one component at each circular polarization. Such a behavior is expected for transitions involving only states with negligible k ʈ values. In a hightemperature thermal fluctuations may modify the wave function. It has been shown that interaction with thermal magnetic fluctuations results in the mixing between different k states and leads to the modification of the energy gap. 24 The same effect in the case of a quantum well is much more difficult to handle quantitatively, since the magnetic fluctuation in inhomogeneous material has a more complex form, and may lead to the localization of the exciton. Nevertheless, the influence of the fluctuations on the exciton may be estimated from the temperature broadening of the exciton line. Unfortunately, the samples used for high-temperature Zeeman measurements are not suitable for line broadening analysis due to large inhomogeneous linewidth. Only in highest temperatures the significant temperature broadening may be observed. The linewidth reaches about 20 meV at 270 K. In order to avoid problems with experimental determination of thermal line broadening we use data of line broadening in other similar quantum wells. 25, 26 We assume average hole kinetic energy proportional to the line broadening, and use it for Zeeman effect calculation. If the full line width was 14 meV in 300 K, 26 we obtain reasonable agreement with observed decrease of the Zeeman splitting, by taking average kinetic energy equal to 0.75 of linewidth. The result of such approach is presented on Fig. 5 by dashed line. At low temperatures the mechanism we propose is not expected to introduce significant contribution to the measured Zeeman splitting. Within the second-order perturbation approximation used in Ref. 23 , the contribution of the fluctuations is proportional to the product of temperature and magnetic susceptibility and therefore becomes insignificant at low temperatures. Experimentally, at low temperatures we are able to distinguish the Zeeman components and no significant relaxation of selection rules is observed, proving that influence of fluctuation is negligible.
In conclusion, we performed precise measurements of magnetic and magneto-optical properties of CdTe-MnTe superlattices up to the room temperature. The comparison of low-temperature exciton Zeeman effect to the measurements of magnetization performed by SQUID magnetometer shows a perfect agreement with used model, and allows to test manganese concentration profiles. Experimental data can be described using the exponential profile, or ͑with a slightly smaller precision͒ using the ERF profile, whereas neither of the tested steplike profiles provides an acceptable description. The analysis of the Zeeman splitting at high temperatures shows a decrease of exciton splitting with temperature faster than that deduced from Curie-Weiss law. We attribute that effect to the influence of thermal fluctuations on exciton states. Within the approximations TӶ͉⌰͉ ͑rather crude͒ and T ӷx(a)͉⌰͉ ͑quite well satisfied͒ we obtain the linear dependence of susceptibility on the logarithm of temperature.
Since for not-too-thick barriers we can expect a not-toostrong temperature dependence for the barrier contribution, the above calculation holds approximately for the magnetization of the whole superlattice. PRB 59 7685 HIGH-TEMPERATURE MAGNETIC AND OPTICAL . . .
